Abstract. Nine months' seeing statistics at the Observatorio del Roque de los Muchachos (ORM) are presented. Measurements were taken with a differential image motion monitor on top of a 5-m high tower. From the whole campaign the mean seeing is 0.76 , the median value is 0.64 and 7% of the time the seeing is better than 0.3 . The best seeing measured is 0.17 . A seasonal variation is noticeable, better seeing conditions appearing during summer, which corresponds to the occurrence of a well-defined inversion layer due to the high prevalence of trade winds. During the summer, 50% of the time seeing is better than 0.54 , value which drops to 0.46 during June, with a narrow distribution (rms = 0.17 ). These figures place the ORM among, or better than, the best astronomical sites (Paranal and La Silla, Chile) where seeing statistics are available.
Introduction
The Observatorio del Roque de los Muchachos (ORM), belonging to the Instituto de Astrofísica de Canarias (IAC), is located on the island of La Palma, one of the seven islands which constitute the Canarian archipelago. The Canaries are located around 28
• N latitude and 17
• W longitude, 1300 km south to the European continent. The climatology of the Canary Islands has been studied in great detail through long data series (Font-Tullot 1956; Huetz de Lemps 1969) . The main characteristic which defines their excellence as observing sites is the stability of the Send offprint requests to: C. Muñoz-Tuñón height of the temperature inversion layer, typically below 1500 m. Being situated at 2400 m above sea level on an isolated peak, the ORM benefits most of the time from dry, stable and transparent atmosphere (Ardeberg 1984; Murdin 1985; Muñoz-Tuñón & Fuentes 1991) .
Since the last century, there have been many studies of the quality for astronomical observations both at the ORM and the Observatorio del Teide (Tenerife). A very comprehensive review from the beginning up to 1985 can be found in Murdin (1985) . Much other useful information can also be found in this issue of Vistas, which is entirely dedicated to the observatories of the Canary Islands.
This paper is devoted to night-time observations. Daytime site-testing campaigns have also been carried out at the Canaries. Among these we can mention the JOSO (Joint Organization for Solar Observations, Brand & Righini 1985) and, more recently, the LEST (Large Earthbased Solar Telescope) campaigns.
A key parameter in determining how good is an astronomical site is is surely the image quality (see Coulman 1985 , and references therein). In the last few decades, a huge effort has been devoted to the development of new-generation large-diameter telescopes and to the implementing of very sophisticated post-focus instrumentation which require a very precise site characterization. In this sense, since the pioneering work by ESO in Chile, "new philosophy" intensive site-testing campaigns (Vernin & Muñoz-Tuñón 1992) have been performed at candidate sites and in already existing observatories to verify whether they matched the necessary criteria for these new-generation astronomical facilities. Since 1985, site assessment campaigns have been carried out by some of the authors at Mount Locke (Texas), La Silla and Paranal (Chile), Mauna Kea (Hawaii) and the ORM (La Palma). The main aim of these campaigns was to assess, by means of a variety of simultaneous experiments (see e.g. Vernin & Muñoz-Tuñón 1992) , the vertical profile of C other atmospheric parameters, such as temperature, humidity and wind, are of major importance in the interpretation of the occurrence of optical turbulence.
Many different attempts have been made to measure seeing since the pioneering work by Rösch (1963) . Although the parameters relevant to image degradation are related to geophysics (turbulent fluctuations of air density), all seeing monitors are optical instruments; balloon data (Vernin & Muñoz-Tuñón 1992 can be used but cannot monitor it versus time. Different concepts have been used: the Danjon method, Polaris trails, shearing interferometers (Roddier 1976) , the Scidar technique (Azouit & Vernin 1980) , differential image motion monitors (DIMMs) (Stock & Keller 1960; Sarazin & Roddier 1990) , the grating scale monitor (Martin et al. 1994) . These use different receivers such as the eye, photographic plates, photomultipliers or intensified CCDs. To monitor the seeing, the Département d'Astrophysique (DA) of the University of Nice and the Instituto de Astrofísica de Canarias (IAC) developed a DIMM based on a principle first proposed by Stock & Keller (1960) . The DA/IAC DIMM was cross-calibrated with other existing ESO DIMMs during a joint campaign at Mount Paranal, Chile. The results from this comparison were excellent (Vernin & Muñoz-Tuñón 1994) . A very comprehensive description of the fundamentals and capabilities of the instrument can be found in Vernin & Muñoz-Tuñón (1995) .
Although many new instruments and many intensive site-testing campaigns have been developed in the recent years, very little long-term seeing climatology is available yet. Even very good observatories, such as Mount Graham or Hawaii, lack of this kind of database, which nevertheless seems imperative for a proper site comparison to be done. Only La Silla and Paranal, and now the ORM (present data) have systematic seeing measurements taken with cross-calibrated instruments.
In this paper, we analyse seeing data taken at the ORM with two DA/IAC DIMMs. In Sect. 2 there is a brief summary of the DIMM principle along with the data aquisition and processing. In Sect. 3 the results of the statistical analysis is described. In Sect. 4 two different areas at the ORM are compared. In Sect. 5 the temporal dependence of seeing values is studied, and the summary and final remarks are given in Sect. 6.
Experiment and measurements
The DIMM principle is to produce twin images of a star with the same telescope via two entrance pupils separated by a distance d in order to eliminate erratic motions of the telescope. The knowledge of the phase structure function, which is assumed to result from Kolmogorovian turbulence, enables us to assess the longitudinal and transverse (parallel and perpendicular to the aperture aligment) variance of differential image motions as given by
with k(l) = 0.541 and k(t) = 0.810, which holds when D/d ≤ 0.5 (see e.g. Sarazin & Roddier 1990) . The variance and the Fried parameter (r 0 ) are related by
From the above relations two independent r 0 values are obtained. From r 0 , classical astronomical seeing (ε FWHM )) is obtained through ε FWHM = 0.98λ/r 0 (Dierickx 1992) . To simplify the nomenclature we will hereafter refer to this as FWHM or seeing.
The DA/IAC DIMM consists of an 8-inch Celestron, an equatorial mount, a pulsed intensified CCD camera and an image grabber (MATROX) connected to a PC computer. A mask made of two diaphragms (60-mm diameter) is located at the entrance pupil of the telescope, and a prism (of about 30 deflection) is placed over one of them to produce two images. To match the pixel size, the focal length is enlarged using an eyepiece with an optical gain G ≈ 3. The twin images of a star are captured by the intensified camera with a exposure time ∆T ≈ 10 ms, short enough to freeze the wave-front. The video signal is then digitized.
Seeing is referred to zenith taking into account the appropriate air-mass correction, the zenithal angle being small (≤ 30
• ). FWHM is accurate to better than 0.1 and, under reasonably good conditions it is possible to monitor the seeing with a temporal sampling rate of less than half a minute for several hours, thanks to the automatic guiding.
Seeing data to be analysed in this paper have been obtained at two sites at the ORM, one near the location of the Telescopio Nazionale Galileo (TNG) (hereafter referred to as site A) and a second one close to the William Herschel (4.2 m) Telescope (WHT, site B). In Fig. 1 the location of sites A and B are marked on a portion of the ORM map. The locations of three telescopes, the WHT, the TNG and the Nordic Optical Telescope (NOT), used as reference points, are also indicated.
Routine measurements were carried out 3 to 4 nights every week. To avoid the surface layer (SL) influence (Vernin & Muñoz-Tuñón 1994) , the DIMM at site A was located on a 5-m tower designed by the Galileo Project. The DIMM situated on site B belongs to Isaac Newton Group and was installed on top of the WHT terrace.
As mentioned previously, both longitudinal and transverse FWHM are recorded and subsequently used to determine the validity of the measurements and to improve them. During an observing run, when a systematic discrepancy is noticed between FWHM l and FWHM t of more than 12%, which is the relative error expected from the number of images processed and other noise (see Vernin & Muñoz-Tuñón 1995) , the data are discarded, otherwise they are averaged. The distribution function of a positive random variable, like seeing, is expected to be log-normal (see e.g. Lee 1960 ). In Fig. 2 (left) we display with a solid line the distribution function of measured seeing for two different months, along with the deduced log-normal distribution (dotted line) one would expect from the measurement of the second moment. It is clear that the deduced log-normal distribution is broader and smoother compared to the observed one. We already know that there is spurious noise, due to the low number of images processed to provide an individual seeing measurement (N = 200), which certainly may affect the shape of the distribution function.
Let us suppose that this noise is additive and does not depend on the seeing value; then the probability density function (pdf) of the measured seeing, P m (x), is the convolution of the true pdf of the seeing, P ε (x), and the noise pdf, P noise (x):
A simple deconvolution is made assuming a Gaussian behaviour of the noise. In Fig. 2 (right) we plot with a dotted line the deconvolved pdf, evaluating an rms noise compatible with the number of processed images. One notes the fit improvement which proves that our seeing data are compatible with an expected log-normal distribution of the seeing and a Gaussian additive noise. 
Statistical results
The high image quality at the ORM is now verified throughout an extensive statistical database of reliable seeing values.
In Fig. 3 , results corresponding to 9 months of measurements at site A are presented. The lack of data for December 1995 is due to instrumental problems (coma distortion in the telescope). For each month, the statistical parameters obtained from the seeing value distribution are calculated. The monthly trend of mean, median, minimum and the standard deviation is shown. In order to give an idea of the statistical significance of the values the total number of observations taken every month is presented as well as the percentage of observed hours with the seeing monitor. The corresponding numerical values are given in Tables 1 and 2. As is evident in Fig. 3 and Tables 1 and 2 the monthly median seeing never reaches values worse than 1 . The minimum atmospheric degradation to image quality can be measured throughout the lowest seeing values (also presented in Fig. 3) . In this sense it may be pointed out that seeing below 0.3 is achieved in all sampled months except March.
From our measurements with the DIMM we estimate 72% of observed hours from the available observing time, 11% being lost due clouds, 6% due to winds higher than 15 m s −1 , which is the limit of the instrument, and 8% due to high humidity (misting up of the optical surfaces). This percentage could be considered as a pessimistic estimate of useful observing time at the ORM. Given the fact that our instrument operates in the open air, it is more affected by air humidity changes than other astronomical telescopes. Therefore in this sense we certainly are more limited in the useful hours. Also, the instrument is very sensitive to the presence of even tenuous clouds. Cirrus-like clouds are detected by the DIMM, with the consequent loss of tracking of the source. So with the above-mentioned provisos, the results we obtain are in very good agreement with those reported from the Carlsberg Automatic Meridian Circle (CAMC), taken over several years and compiled by Sarazin (1995) , which indicate 79% of useful observing time at the ORM.
Seasonal dependence of seeing
A possible seasonal dependence of seeing at the Canarian observatories has been the subject of discussion for a number of years. Sanchez (1970) found a slight tendency for nights of very good seeing at Izaña (Tenerife) to occur in summer between April and October (1962-1966) . At La Palma, Pike (1984) , from data taken at the telescope focus, found the summer months to show an average seeing better than during the winter. The accuracy of the seeing monitor together with the temporal sampling of data presented here make them extremely useful in deciding this question.
From Fig. 3 it is clear that the seeing abruptly improves between May and June. In Fig. 4 it is shown results from a comprehensive study of the climatology of the Canary Islands (Font-Tullot 1956) . In this plot, using data covering 20 years compiled by the Instituto Nacional de Meteorología at Tenerife, the annual variation of the scale height of the sea-cloud (inversion layer) is shown.
The existence of a temperature inversion layer is a characteristic of subtropical regions, and in the Canaries it is registered about 90% of the time. The efficiency of the inversion layer in separating the boundary layer from the troposphere is clear on the humidity profile, where typically 55% of the humidity is situated below the inversion and 20% above it (Cuevas 1995) . The inversion suppresses local convection, which is clearly visible in the presence of a characteristic stratocumulus layer whose top is just below the temperature inversion (Font-Tullot 1956) . The frequency of occurrence of the cloud layer is maximum in summer and is anti-correlated with its height (Fig. 4) . The width of the inversion layer is greatest during the summer period. The strength of the inversion layer (IL) is defined by the difference of temperature between the top and the base of the temperature inversion, and is maximum during the summer, as is the intensity of the trade-wind regime. The strong temperature inversion layer, and therefore the presence of the sea clouds, is caused by two complementary processes, the trade winds blowing from the NE carrying wet and cool air masses and the subsidence from the NW which occurs above the IL transporting dry air (Cuevas et al. 1996) .
Despite the fact that the inversion layer tends to be well below the observatory location, it seems that a dependence of image quality exists, which is correlated with the height of the inversion layer (the sea-cloud location). The best seeing values seem to correspond to months where the altitude of inversion layer is lower than normal (in the 1500 − 1700 m range), or when the strength of the IL is maximum, which in turn is related to the strength of the trade wind regime.
In Fig. 5 seeing data are grouped following the above discussion in two blocks, one including June, July and 
Comparison of the TNG and WHT slopes
The building of a large telescope at the ORM is a great challenge for the Spanish astronomical community. The project was first promoted by the IAC and the Canarian Government and therefore we shall refer to it as the Gran Telescopio Canario (GTC). This national project has been widened in anticipation of the possible participation of important foreign astronomical institutions (RodriguezEspinosa & Alvarez 1996) . Some of the authors are in charge of defining the future location of the GTC. A detailed programme is now in progress towards the taking of the decision of where to install the GTC at the ORM.
An imaginary line drawn between the NOT and the Residence divides the ORM into two slopes (see Fig. 1 ). There are more observing installations on the northernmost side of that line. Hereafter this side will be referred to as the WHT slope. On the southernmost side there were no installations until the early 90 s, when the Galileo group chose this area as the site for the TNG. This will be referred to as the TNG slope.
As mentioned in Sect. 1 the WHT slope has been extensively studied, due to the long-standing presence of large facilities and instruments. The NOT location has also been recognized as an excellent site through numerous studies carried out as well as through astronomical results taken with the telescope.
Following the statistics presented in Sect. 3 at site A on the TNG slope, there is no doubt concerning the very good image quality that can be achieved in this area of the ORM, which would be the more suitable one for the installation of new telescopic facilities. However a comparison of the two slopes with standard techniques was imperative.
Two identical seeing monitors were operated simultaneously: the DIMM at site B (Fig. 1) near the WHT belongs to the ING (Isaac Newton Group) and was operated by the IAC group during the period corresponding to data shown here. The data acquisition procedure and statistical processing is the same for both sites A and B and the results are presented in Table 3 .
In comparing Tables 2 and 3, it is seen that, to within the errors, the data are quite similar at both sites during the winter period. In the summer period, however, the seeing recorded at site A is better. This could be understood as due to local disturbances that might affect the measurements at site B. As mentioned before, the DIMM on site B is located on the WHT roof, which might release more heat during the night in summer than in winter. For what concerns seeing, both sites look very similar, which means that, except the possible disturbance of WHT terrace, the surface layer has a small (Vernin & Muñoz-Tuñón 1994) and uniform contribution whatever the position within the ORM. 
Temporal dependence
We have analysed the temporal variation of the seeing in order to have a better insight into the atmospheric behaviour which gives rise to optical turbulence. Recently a number of phenomenological processes have been described (Coulman et al. 1996) . In this paper, it is assumed that optical turbulence is concentrated in twin laminae (very thin turbulent layers ≈ 10 m) which appear on top and at the bottom of a unique thick mechanical turbulent layer (≈ 300 m). The authors of that paper suppose that in the greater part of the atmosphere the critical Richardson number (R i < 1 4 ) is not attained and that turbulent conditions are triggered by localized gravity waves which appear suddenly and then propagate with oscillatory behaviour.
From the point of view of astronomers it would be convenient to be able to have a characterization of the temporal evolution of the seeing, i.e. to know what the typical time interval of seeing variation is, and also the dependence of seeing quality with time, if any. With this information one can conceivably optimize astronomical facilities. Up to now no general laws have been established.
In Fig. 7 the result of averaging all observing nights is shown versus UT and no general trend in the seeing evolution is observed. This is an important conclusion which can be opposed to the generally accepted assumption that "seeing is worst at the beginning of the night". Our measurements are free of local disturbances that occur in telescope buildings which, in the best cases, reach thermal equilibrium after several hours.
Inspecting individual nights, it can be observed that during relatively stable nights, with good seeing (0.5 typical mean values), the seeing can deteriorate over short periods. One can clearly see, as is shown in Fig. 8 , in the middle of the night, a steep rise in the seeing from less than 0.5 up to more than 2 in less than 10 minutes. After this burst, one or two hours are necessary for good image quality to be recovered. This can be interpreted by saying that even under good seeing conditions and hence quasi-laminar flow, the steady equilibrium can be broken by a perturbation and degenerate into turbulence within a few minutes.These assumptions are supported by the fact that we never noticed an abrupt seeing improvement (the sequence is not reversible).
Another pattern that may occasionally appear in the temporal evolution of seeing is shown in Fig. 9 in which an oscillatory behaviour is observed. Also in this figure the corresponding autocorrelation function is shown for time intervals ranging from ∆t = 0 to 4 hr. The plot of Fig. 9b ends at ∆t = 4 hr. For longer time intervals, the number of measurements during a single night is not sufficient for the autocorrelation function to make sense. From Fig. 9b a 45-min periodic variation is visible. Superimposed on this oscillation, one can note also a slow decrease and after a 3-hour delay no correlation remains. As pointed out previously, the presence of longer timeinterval correlations cannot be studied through singlenight observations. Moreover we are also interested in the possible presence of a universal temporal behaviour of seeing to be interpreted in more general theories concerning turbulence phenomena. For so doing we analysed the averaged autocorrelation function, computed over all the available data during the nine months (Fig. 10) . We have discarded the nights with less than 6 hours of observations. Each individual daily correlation has been centred and normalized to the mean seeing:
where i index refers to individual night. No oscillations seem to remain in the correlation and therefore a large spectrum of (gravity) waves might be present in the atmosphere. For small time delay, the correlation closely follows an exponential decay with a T = 1.2-hr time constant.
with A = 0.071. As mentioned before, if one assumes that the seeing is the superimposition of many individual exponential decay functions of the type
for t ≥ t i and 0 otherwise, then the autocorrelation of such a temporal decay is
The best fit between our data and the above-mentioned assumption leads to a 1.2-hour time scale of decay of turbulence. 
Summary and final remarks
Nine months' statistics of seeing at the ORM, at two different sites, are presented. Measurements were taken on a 5-m tower to avoid spurious turbulence produced by the surface layer and with cross-calibrated seeing monitors. From the result of this monitoring, taken at a site near the location of the TNG with the DA/IAC DIMM, the excellence of the site, in terms of image quality is confirmed. Median seeing value of 0.64 was achieved over the whole period, with seeing values below 0.3 during 7% of the observing hours and minimum values down to 0.17 . The total percentage of observed time with the DIMM is 72%, well in agreement, within the limitations of operation of our experiment, with the 79% that is reported by Carlsberg Meridian Circle, over several years.
Our routine observations combined with long temporal series meteorological data from the literature, allow us to identify June to September as the best months coinciding with the period of the year in which the strength of the temperature inversion layer is larger, due to the prevailing trade-wind regime. During this period, the height of the inversion layer (≈ 1200 m) is also lower. The existence of a seasonal dependence of seeing is then confirmed, with median values from 0.54 in summer and 0.77 during the rest of the year, most probably associated with the general climatology of the Canary Islands. Within this best period, it is worth mentioning the statistics corresponding to the month of June, with 0.46 median seeing value (0.17 rms).
Although during the last years a very big effort has been made in site characterization programmes, little long-term climatology is available to compare with the data presented here. Very good quality sites as Hawaii and Mount Graham, for instance, have never been checked routinely using cross-calibrated seeing monitors. The largest database has been established by ESO at La Silla and Paranal, developing a very extensive and reliable seeing monitoring. From the comparison between ESO (Sarazin 1995) and our data, presented in this paper, the three places, La Silla, Paranal and ORM are excellent, ORM presenting better behaviour, with the best median values, and a slightly larger percentage of seeing values below 0.3 . The parameters corresponding to the best month are also better.
The comparison of two different areas at the ORM shows almost the same trend although the TNG slope is slightly better than the WHT slope during the summer period. This fact might be attributed to local disturbances of the WHT dome and terrace. Hence, no obvious change in the spatial localization of the surface-layer turbulence has been detected.
We have analysed the the temporal variation of the seeing in order to have a better insight into the processes which give rise to the optical turbulence. We found that during relatively stable nights, with about 0.5 mean typical values, the seeing can deteriorate abruptly over short periods. This can be interpreted by saying that even under good seeing conditions, and hence quasi-laminar flow, the steady equilibrium can be broken by a perturbation and degenerates into turbulence within a few minutes. This process is not reversible, and therefore we never observed a rapid seeing improvement. Another pattern that may appear sporadically is an oscillatory behaviour in the seeing temporal evolution during a given night. This periodical variation has a typical time scale of 45 min, which falls within the buoyancy range of gravity waves. We computed an averaged autocorrelation function over all the available data during the nine months. No oscillations seem to remain in the correlation, and therefore a large spectrum of gravity waves is present in the atmosphere.
From the analysis of this autocorrelation function it is concluded a 1.2-hour exponential decay time of the optical turbulence.
Since October 1996, a site-testing programme led by the IAC to select the site for the future GTC has been under way. Data are taken simultaneously at two sites at the ORM. At each site we have installed a DIMM (5 m above the ground) and a 12-m meteorological mast. These will provide a large and updated database on both optical quality and meteorology at the ORM. We will then be able to begin a study the relationship between seeing and meteorology.
